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Why Form Factors?

® Fundamental properties of nucleons, so of general interest
® Charge & magnetization distributions
® Test theoretical models / QCD inspired calculations
® Input to calculations and experiments in nuclear structure, atomic physics,
nucleons in nuclei

® Dramatic improvements in our understanding from JLab 6 GeV era
® Near linear fall off of Ge?/GwP(Q?) (Perdrisat et al.)
® Much improved data for GeN, Gu"
® Interpretation of FF as the 2D Fourier fransform of a transverse density,
or as moments of generalized parton distributions (GPDs)

® A number of ongoing issues
® High Q% behavior - the main thrust of the JLab 12 GeV FF program - and
flavor separations
® Radiative corrections

® Low Q2 behavior - the proton charge (and magnetic) radius
°..
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Pre - JLab

® G\ was the most compelling form factor factor program. It was the form
factor we knew the least about.

® G:” was B+ physics, expected to improve uncertainties but not show much of
anything new.

We all know how that worked out.

Ge” arguably among most important JLab results.

Helped crystalize understanding of role of relativity, OAM in form factors,

transverse (not 3d) Fourier transforms, nonspherical aspects of nucleon
structure, ..
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From the 2007 LRP -1 of 3

® Recent Achievements on page 16
® "The charge distribution of the neutron was mapped precisely and

with high resolution. The measurements confirmed that the neutron has
a positively charged core and a negatively charged pion cloud.”
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From the 2007 LRP - 2 of 3

® Recent Achievements on page 16
® “"Precision measurements of

mirror symmetry (parity)
violation in electron scattering
set tight upper constraints on
the contributions of strange
quarks to the electric and
magnetic properties of the
proton. These results provide one

SAMPLE with B
G; calculation .

% Electric Contribution
o

%
AEENER

of the most precise comparisons L L -
of experiment with lattice % Magnetic Contribution
QCD ..”

Figure from 2007 LRP, page 27
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From the 2007 LRP - 3 of 3
FF Physics highlighted for future advances

® Two-photon exchange (TPE) experiments: “Future experiments comparing
the scattering of electrons and positrons with the aim to directly
determine the two-photon contributions are planned at JLAB, at the
VEPP-3 facility in Novosibirsk, Russia, and at DESY.

e Form factors: "As we look toward the next decade, experiments will probe
ever shorter distance scales, going into a regime where the details of, for
example, the quark orbital motion will play a more significant role. Such
measurements remain the only source of information about quark
distributions at small transverse distance scales. The differences between
proton and neutron form factors represent an important benchmark for
lattice QCD calculations.”

Now... what actually happened and was learned?
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Since the 2007 LRP:

What has been learned?
After original Gep-I and II in Hall A, Perdrisat,

Proton at high Q°

Punjabi, Brash, Jones et al shifted to Hall C for 3f E
higher momentum transfer. B 3
g E . :
W - ---- Guidal05
1~ . =
Puckett et al PRL 104, (2010), PRC 85 (2012) 0— — Diehl05
JLab Hall C polarization data & Hall A reanalysis 1 5F :
T T : e ] igss * g4 i
. lom[ T ] ® Jones00 | :_&N , 0:_ }! §§ ¢ { -
1.0 EO»TO '5 0 Gayou(2 = 8 . f ]
. 27535 | & Puckettl0 S ]
& Mezianel | 0.5 -
ebz ® This work 4 % ]
220.5 B, 20; :
3 | —-oudfit e ¥ A =236 MeV
-~ —— New fit s . 1
I ; o 0.15& 21
.-+ Ean. (2 % L Gross(8 — ! !
0.0 = 1 s Cardarelli00 s ; pimee " i3 558 .
- ——— = . - — — Santopintol0 : 1 (g 0.1 0:‘ s
e TN e N SN OO -
0 2 4 6 ] -O.SO 5 10 0 2 4 26 8
Q* (GeV?) 0 (GeV?) Q (GeV?)

Form factor ratio data
compared to relativistic

CQM calculations RUTGERS

UNIVERSITY



Since the 2007 LRP:

What has been learned?

After original Gep-I and II in Hall A, Perdrisat,
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Since the 2007 LRP:

Neutron Gm
What has been learned?
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Since the 2007 LRP:
What has been learned?
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Alternatives to GemN

Why? Different combinations might make physics clearer:

GeP, GmP, Ge", GM"
FiP, F2P, Fi", F2"

GEIS, GMIS, GEIV, GMIV
I:IIS, FzIS, FIIV, lev

u u d d
If only u and d quarks contribute, Ge®, Gm", Ge, Gm
and u® = d", uN = o F1Y, F24, Fi9, F

GEu/ GMU, GEd/ GMdl GESI GMS
With additional PV measurements... Fi4 F,u F1d F 2d Fis, F,S
/ / / / /
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Since the 2007 LRP:
What has been learned?
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Since the 2007 LRP:
What has been learned?

Flavor separations
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Since '|'h€ 2007 LRP Transverse densities
What has been learned?
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Neutron is positive at origin in Breit frame since Ge>0 (pion cloud) but
negative at the origin in transverse frame since Fi<O (central d quarks).
Should this bother us?

Probably not, but if GeN goes negative enough soon enough, the Breit frame
distribution will go negative at the origin.

Miller PRL 99 (2007) RUTGERS
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Since the 2007 LRP:
What has been learned?
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upGE/G M

Bernauer et al PRL 105 (2011), PRC 90 (2014)
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Since the 2007 LRP:
What has been learned?
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Proton Charge Radius Puzzle... another talk by itself

agreement between ep scattering & Hydrogen spectroscopy,
disagreement with muonic Hydrogen spectroscopy

Randolf Pohl et al., Nature 466, 213 (2010): e ; P

0.84184 + 0.00067 fm 56 off 2006 CODATA oo | e
Aldo Antognini et al., Science 339, 417 (2013): " P
0.84087 + 0.00039 fm 7o off 2010 CODATA Aol 218

0.82 0.84 0.86 0.88 0.90 0.92
Proton Charge Radius (fm)

rp (Fm) atom scattering

0.879 * 0.008 (Mainz)

0.875 + 0.009 (JLab)
0.8779 * 0.0094 0.886 + 0.008 (Sick)
(Pohl averaging) 0.871 + 0.009 (Hill & Paz)

electron

0.84 + 0.01 (Lorenz, Hammer,
Meissner)

0.84087 + 0.00039
muon . ?
(Antognini)

CODATA 2010: 0.8775 + 0.0051 or 7.2c difference RUTGERS
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Proton Charge Radius Puzzle

Proton radius puzzle has been high profile:

® Lots of news articles nature 9\3}{1&'!‘\1{
® Lots of citations g N B\
® Workshops in Trento (2012) and Mainz (2014) = A & )

® New experiments inspired - muonic atoms,
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Since the 2007 LRP:
What has been learned?

Proton at low Q2
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Since the 2007 LRP:
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What has been learned?

® R = uGe?/GMm® at 2.5 GeV? basically
flat - flatter than anticipated from
some models that can be used to
understand the difference between
polarization transfer and Rosenbluth
separation measurements.

® P has more variation than expected

e But.. it is the etp/e-p cross section
ratio that is most directly connected
to the size of the TPE corrections
to Rosenbluth

Meziane et al PRL 106 (2011)
Hall C polarization data
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Since the 2007 LRP:
What has been learned?
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e Calculated TPE correction moves
Rosenbluth results towards the
polarization data, but not enftirely

e Too large an effect

compared to Meziane

et al data

-
48
o

TPE Theory /
Analysis

Hai-Qing Zhou and Shin Nan Yang,
arXiv:1407.2711v2
Hadronic TPE calculation

110

1.05

* Novosibirsk (after rad corr)

e N

] )

1.00

0.95

1.0

090  E _=1GeV
0.80 1 N 1 ! 1
: - K 0.0 0.2 04 06 £ 0.8
r | =<+ pQCOBLW = = pQCD COZ| 1
0.76 f | onnes e . P j (b)
; ® Good sized asymmetries
0.72 = —— 1 . .
s S | predicted for positron/
' . .,,‘#‘e_'s )
oesf " 1 1___ e electron comparison
[ R T :
0.64 |- - d
. Q’=2.49 GeV* |
i . .
S YIEY; 04 06 ¢ 08 1.0 I{[ITCJERS

UNIVERSITY



Issues for the Future

We have encountered a lot of issues - some infer-related:
® Do we understand radiative corrections well enough?
® Conventional RC and the proton magnetic radius
® TPE: Where is the new data mentioned in the 2007 LRP?
e High Q° behavior of form factors, including individual flavors
® Does Ge” go negative?
® Does Ge" go negative? (neutron central density)
® Do Gm™N continue to (approximately) follow the dipole and 1/Q*
at high Q??
e Low Q%
® Proton charge radius
® Proton magnetic radius

® Do we understand the neutron / nucleon in nuclei well enough to
obtain good GN data?

® Data sets often have few percent overlap problems

RUTGERS
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® Three experiments compare
—&— CLASTPE

electron/positron scattering 108 ¢ , 71 et cattin
e VEPP-3 1.06; Q*~1.45 GeV & World data

—a— VEPP-3 (preliminary)

e JLab CLAS i
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| |
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Future "Results”

e JLab PAC41 High Impact experiments included 3 studying form factors
® E12-05-101: Measurement of the Charged Pion Form Factor to High Q2

® E12-07-109: Ge/Gm": Large Acceptance Proton Form Factor Ratio
Measurement at 13 and 15 (GeV/c)2 Using Recoil polarization Method

e Neutron form factor ratio E12-09-016 given honorable mention
e E12-11-106: High Precision Measurement of the Proton Charge Radius
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JLab Hall A Measurement of Guw’

o
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e Commissioning experiment that improves precision in the
high Q¢ region

e Straightforward precise cross section measurement

RUTGERS
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JLab Hall B CLAS Measurement of Guw
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e High Q? reach for precision GmN nearly tripled

® Measurements use cross section ratio technique -
d(e,e'n)/d(e,e’p)
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SuperBigBite Program in JLab Hall A - 1 of 4

e A $5M DOE Project for Hall A at
Jefferson Lab

e High Q2 form factor measurements,
for tests of QCD predictions, etc.,
are a major program for SBS.

e SBS will reach into new higher Q2
territory with high precision

® Measurements could begin as early
as 2017

RUTGERS



SuperBigBite Program in JLab Hall A - 2 of 4

Development of a new unique hardware for
coincident e'N scattering

Spectrometer with large solid angle at

small scattering angle and very high
luminosity

Neutron/Proton Arm

P from
ToF and x/y

* Double polarimeter for the recoil proton
at high momentum of 8 GeV/c

- High luminosity polarized 3He target

* Large area GEM trackers for high rate,
high precision tracking

RUTGERS
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SuperBigBite Program in JLab Hall A - 3 of 4

e All form factors will be
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SuperBigBite Program in JLab Hall A - 4 of 4

0.3
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Flavor decomposition of nucleon FFs revealed new
features, maybe a high Q2 scaling, a property
previously obscured before in combinations
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Neutron Form Factor Ratio

1.0 T T
F A Madey - VYMD - E. Lomon (2002) g
s E02-013 e RCOM - G. Miller (2002) -1
= — = DSE - C. Roberts (2009)
die.e'd) T -Schiavilla & Sick
i ‘ — FF o« I (QF/A%)QF A = 300 MeV
0.5 | — Galster fit (1971) —
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B E12-09-016, SBS (This Experiment) \ B
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2 : 2
Q“in GeV

e Wide disparities in predictions of
various calculations / extrapolations
of various fits

e Will we see GeN go negative?

e Experiments use d(e,e’'n) polarization
transfer with Hall C SHMS and
3He(e,e'n) polarized beam +
polarized target with Hall A SBS
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Low Q2% and Proton Radius
JLab Hall A EO8-007 Part II: Ron et al

Polarized target asymmetries for low Q2
Ran winter/spring 2012 h
Target 2l T
Spectrometer performance performance m o of i i l
fp, 2.2 GeV, left arm, production ’ . .
. ;;...1:;...;?..114..'4 1641.118: «10"
Charge1 Accumulat;d (e/ecm?)
rad 1.10
1.05¢
Expected .
-01-806 005 -004 -003 -002 o1 0 0.01 002 082{7:2‘;}4 0 resul‘i's - /1'00;-.
early 2015
Hydrogen Nitrogen
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Low Q2 and Proton Radius

JLab Hall B PRAD:
Gasparian, Dutta, Gao, Khandaker, et al.

Small-angle low Q¢ scattering into the PRIMEX calorimeter,
cross calibrating ep to Moller scattering.

Hydrogen
gas
Cryo-cooler l
2HO00
Harp bellows bellows
Tagger Collimator& = New oyiisdtioat =
e ovlinded ——

50m




Low Q2 and Proton Radius

JLab Hall B PRAD:
Gasparian, Dutta, Gao, Khandaker, et al.

Small-angle low Q¢ scattering into the PRIMEX calorimeter,
cross calibrating ep to Moller scattering.

| Radius Extraction |

—_—— Sick et ol

——i Zhan et al

B 3 CODATA

-
(This exp.)

Pohl et al A 0.84184(67)

0.78 0.82 0.86 0.90 0.94 0.98
Proton Charge radius (fm)

Ge vs Q% data simulated, to .
show radius out = radius in Projected result
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Low Q2 and Proton Radius

| Beam-Line
e ! 4 Monitor | &
. Ve Straw
“ . | Chambers

PSI MUSE Experiment - at PSI, but |

largely an American effort:

Gilman, Downie, Ron, et al.

® Mixed low momentum muon+electron
beam scattering into large solid angle
non-magnetic spectrometer.

® Measure both beam polarities to
measure TPE.

® Ongoing tests & simulations

Detectors

Target SciFi

S Beam
® First dedicated funding by NSF & —_—
DOE recently received. = \/ p
P\UTGERS
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Low Q2 and Proton Radius

PSI MUSE Experiment - at PSI, but

largely an American effort: SRR ks

Gilman, Downie, Ron, et al. Bz:n::: T

® Mixed low momentum muon+electron T 1
beam scattering into large solid angle Pohl &
non-magnetic spectrometer. | f |

® Measure both beam polarities to i T
measure TPE. o H,TH

® Ongoing tests & simulations el B IS

® First dedicated funding by NSF & 0.82 0.84 0.86 0.88 0.90

DOE recently received.

RMS charge radius [fm]

Projected result,
using relative
uncertainties for
muons and electrons
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Do we understand nucleons in nuclei?

No. And at some point it will be a problem for extractions of
neutron properties, if we get precise enough.
We can test how well we understand protons in nuclei.

&

------ | Madrid REI)WIA(RLF)' MAMI |

|
B
Madrid RDWIA (RLF) + QMC O E93-049
B Madrid RDWIA (RLF) + CQS ¢ E03-104
Schiavilla (2010) ® Proposed Data
1.0
0.9 = 7%

ook 3 ;

1
Q? (GeV/c)

| Existing data

consistent with
modified in-medium

1 form factor or

charge-exchange FSI
E11-002 tries to

1 improve precision in

the higher Q2 region
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(P IP") [ (P" IP"),

Do we understand nucleons in nuclei?

No. And at some point it will be a problem for extractions of
neutron properties, if we get precise enough.
We can test how well we understand protons in nuclei.

1.0

0.5

°8.

medium effect (QMC)

35% — /%

""""""""

llllllllllllllll

— = Jeschonneck/Van Orden ’H
------ Sargsian“H
- Madrid RDWIA (RLF)

- Madrid RDWIA (RLF) + QMC
Madrid RDWIA (RLF) + CQS
O JLab “He Data, Q° = 0.8 (GeV/c)
A JLab?H Data, Q% = 1.0 (GeV/c)

® Proposed “He Data, Q%= 1.0 ( eVI)g)l

A Proposed?H Data, Q% = 1.0 (GeV/c

QCD inspired models
suggest large effects
and a simple dependence
on virtuality absent
from conventional

4 nuclear calculations.
Previous d(e,e’p) data
show large effect.

Study d and “He for
dependence on virtuality.

15

1 1
-0.10 -0.05

Proton Virtuality (GeV/c?)?

0.00
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Form Factors at an EIC?

Some of us (GR, RG, ...) have looked at what can be done with
form factor measurements at an EIC, for ep and eA.

A nice set up measurements is possible, but low luminosity prevents
going to as high Q% as the fixed target program.

As it is not a focus of the EIC program...
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Summary

Highlights of past years: Radius puzzle? High Q2 of Ge”*N? Flavor
separations?

Both programmatic reasons and compelling issues for form factors.
In the next 5 years we should
® Better understand TPE, but maybe not well enough

® Start to get new JLab high Q? data on various form factors, but maybe
not enough for improved separations

® Does Ge” or GeN go negative?
® Do Gm™N continue to (approximately) follow the dipole?
® Does Q°F2/F, scaling continue?

® Understand the muon/electron measured proton radii are really the
same, or different - but if so we might still not understand why

There is a broad program in nearly all areas. What might be missing?
1) Follow up TPE, contingent on data coming out

RUTGERS
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It is hard to get both the proton and the

neutron right

OMainz: 'H(e.e'p)
® JLab: 'H(e.e’p)

LOMIT-Bates: 'H(e,e’p) VMD + pQCD

Chiral Soliton
| |

1.2

W This Proposal

-8 JLab: “H(e,e'n)
1 | OMIT-Bates: “H(e,e'n)
® JLab: 2lll'(i:'.e'n)
O Mainz A1: “He(e,e'n)
|4 Mainz A3: “H(e,e'n)
¥ Mainz A3: “He(e,e'n)
"0 NIKHEF: *H(e.e'n) /'

/.

" - \Chiral Soliton

\4F

0

2.0 D
Q? [(GeV/c)]

OGE CQM.

/.

¥
i

/

/

LFCBM

Bjiker & Iachello{

{ (2004)

VMD + pQCD

—-
—
-

2.5

5

Q? [(GeV/c)?]
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Stuff We Know:
EM scattering

from 1y Exchange

Cross section formulas derived and put in modern form = 60 years ago -
Rosenbluth separation.

dO'Str,a dO’M 5 5 T 5 5 Rosenbluth -

i dQ 8 [GE(Q ) + EGM(Q )} Spin-1/2 with
Structure

T = 5;2, £ = [1+2(1+7)tan2%]_

Assumptions: one-photon exchange, electron mass small [{UTGERS
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Stuff We Know:
Form Factors

Cross section formulas derived and put in modern form = 60 years ago -
Rosenbluth separation.

do gy do s

— % {GQE(QQ) 4 EG?W(QQ)} Rosenbluth -

df? df? Spin-1/2 with
Structure
GF (O) — 1 G (O) — () Two relativistic-invariant functions
E E of four-momentum transfer Q2
G =2793 G7, =—1.91 | |
Gm's roughly follow the dipole
Sometimes Gp=F, —1F, form, (1+4Q%/ A?) % which has no

theoretical significance

written using: Gy = F1+ F, RUTGERS

IIIIIIIIIII



Stuff We Know:
Radius means slope
of FF at Q% = 0, it

does not mean radius,

In NRQM, scattering theory, F.T. 3d spa’rial distributions, small-Q? expansion:
1

Gran(@) =1 =5 (o) @ Eo o) @7 - 5040 (rr) @ + Overall fact
Sometimes you get the "right" answer despite the wrong approach veratt ractor
of u taken out
dQ?2 —\"eE,M) =TE M
Q2=0

~

Slope of Ggm at Q%=0 defines the radii. This is what FF
experiments quote.

J

RUTGERS
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Stuff We Know:
Rosenbluth separations
do not determine FF
with small contribution
to cross section well
dostr do

dS) dS?
For Rosenbluth, multiply RHS by ¢/¢ and use or = ¢[...] .

ORr

< |GH@) + 26 Q)] /

i 2
At high Q% < is large and Ge is hard to determine AN tg B=GE

At low Q% 7 is small and Gm is hard to determine |-
(except for 6 = 180°) o .

Solution already known by early 1960s = polarization
measurements
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Stuff We Know:
Polarization Transfer

IoP = —2+/7(1 + 7)G Gy tan

Ee+ Eer
Ip P = ;\Z V7(1+7)G3, tan

Polarizations worked on by many. Put in modern form first by Akhiezer
& Rekalo (1973). "Popularized” in US by Arnold, Carlson & Gross (1981).

Polarizations measure the ratio Ge/Gwm, not the individual form factors.
Io is the structure part of the cross section, the [...].

Done at Mainz, MIT Bates, and JLab.

IIIIIIIIIIII



Stuff We Know: ‘Egrma,
Polarized Beam - Polarized
Target Asymmetry

palarlzatmn
axis (El ¢.

* .lr x

= | »
XZ p'\ane alﬂng q

Polarized Cross Section: 0=2+hA

+

—
—
L
£

§ Ar ArT
o+~ 0 0*G=, + b sind* coso*G G
A= 2F - a cosf™ G5, + bsind* cos¢™ GGy
— TP P

For a single polarization measurement, uncertainties can
be limited by polarimetry, to a few percent. a, b, ¢, d are

For two simulfaneous polarization measurements, these Kinematic factors
uncertainties can cancel in the ratio of the two.
Can swap between systematic & statistical uncertainties.
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A quick slide on fits arxivi405.4735

| AMT Fit | [ AMT Fit | TANTF]
0.05- — - — * - ' 0.15
i '@ linear m' | : O linear fit q ’ . <+ linear fit
@ quadratic fit| ) o quadratic fit| — |, - -.quadratic fit
@ cubic fit | sl : cuicht || £ [ — cubic fit
i l® 4" order fit || ' .' % 4" order fit |- = 4" order fit
E 000 ] : 1 £ o1ob}:
e 8 20k ; 1S
[ - o od T . il
é i § L c' 1 2
N O . { c b
- {1 = ' @ ] 8 ool
_=-0.05 1 T oosHt
i - O -
il c
y )
: TE !
| 0.0Q-—
010001 02 03 02 05 8
2 2
Q. (GeV")

Bottom line: Ingo & Michael... have warned us not to do
Taylor series fitfs. We agree.
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